A contribution of structural genomic variation to the heritability of complex metabolic phenotypes was illuminated by the recent characterization of chromosome-engineered mouse models for genomic disorders associated with metabolic dysfunction. Herein we discuss our study, "A duplication CNV that conveys traits reciprocal to metabolic syndrome and protects against dietinduced obesity in mice and men," which describes the opposing metabolic phenotypes of mouse models for two prototypical genomic disorders, 1,2 Smith-Magenis syndrome (SMS) and Potocki-Lupski syndrome (PTLS). SMS and PTLS are caused by reciprocal deletion or duplication copy number variations (CNVs), respectively, on chromosome 17p11.2. The implications of the results of this study and the potential relevance of these findings for future studies in the field of metabolism are discussed.
Reciprocal Metabolic Phenotypes
Caused by Reciprocal CNVs Genetic factors have long been known to contribute to both normal human energy metabolism and the etiology of metabolic syndrome and obesity. However, the role of genomics and copy number variation (CNV) in these processes has not been studied until recently. Although many CNVs appear to be phenotypically benign, some have been found to play a role in disease susceptibility and in the pathogenesis of metabolic disorders as identified by several large-scale patient studies [3] [4] [5] (summarized in ref. 6) . We recently applied an alternative approach to study metabolic traits associated with CNV of a specific genomic interval; heterozygous deletion of this genomic interval is known to cause a genomic disorder associated with obesity in humans, Smith-Magenis syndrome (SMS: MIM #182290; www.ncbi.nlm. gov.sites/entrez) and convey an obese phenotype in mice. 7, 8 In this paper, entitled "A duplication CNV that conveys traits reciprocal to metabolic syndrome and protects against diet-induced obesity in mice and men," we describe diametric metabolic phenotypes observed in chromosome-engineered mice harboring reciprocal duplication or deletion CNVs, clearly demonstrating the functional link between CNV and metabolism. 9 We analyzed the metabolic profiles of previously-generated mouse models for Smith-Magenis (SMS) and PotockiLupski (PTLS; MIM #610883) syndromes, respectively harboring either deletion or duplication of the mouse chromosomal region syntenic to human chromosome 17p11.2.
10,11 While obesity and hypercholesterolemia were known to be associated with SMS, 12 few formal studies had been performed, and the metabolic profiles had not been extensively described in either PTLS or SMS subjects.
We showed that duplication mice (modeling PTLS) have decreased body weight and body fat composition, reduced TC/LDL levels in the blood, and increased insulin sensitivity that cannot be attributed to either increased activity or reduced food intake. Rather, these mice have increased intrinsic metabolic activity that also confers protection from diet-induced obesity.
This latter observation that mice fed a high-fat diet do not gain weight is a clear demonstration of gene X environmental interactions that can be very important in common, complex traits. Interestingly, the reciprocal deletion CNV (modeling SMS) results in a "mirror" or reciprocal phenotype, as the deletion mice are overweight with increased body fat, decreased HDL levels in the blood and reduced insulin sensitivity, corresponding with observations in SMS patients and consistent with the metabolic syndrome so common in the obese American population. The results of the metabolic phenotyping of duplication and deletion mice described in this study are summarized in Figure 1 .
Further investigation into the genetic and biological mechanisms underlying these phenotypes revealed that they may not be due solely to the alteration of a single gene or genetic element. Rather they appear to be a consequence of the alteration of multiple genes/genetic elements by the CNV. The "genetic load" could potentially either act through cumulative effects on a single pathway or by each of the contributing genes affecting different downstream metabolic pathways.
The distinction between the metabolic phenotypes of mice harboring a duplication CNV vs. mice that transgenically overexpress the major candidate dosage-sensitive gene in the region, Rai1, 13 or between mice harboring a deletion CNV vs. mice that have a targeted gene knockout of Rai1, clearly demonstrates the central message of this study: structural genomic variation and the resultant alterations in downstream gene expression can be responsible for common, complex phenotypes, such as obesity or metabolic disorder. While these monogenic (transgenic Rai1 overexpression or targeted Rai1 +/− gene knockout) mouse models do display some abnormal metabolic phenotypes, they do not possess the full-spectrum of phenotypes identified in the mouse models harboring duplication or deletion CNVs, suggesting that epistatic interactions between the major dosagesensitive gene, Rai1, and other genes or regulatory elements within the CNV (i.e., deviation from the normal n = 2 diploid state) region are needed to manifest the full spectrum of metabolic phenotypes. Interestingly, Rai1 appears to have a greater influence on metabolism when its dosage is reduced (knockout/deletion) than when its dosage is increased (transgenic/duplication); the specificity of the CNV in this context is interesting, and it may be an indication that the precise pathways underlying leanness and resistance to dietinduced obesity may be distinct from those underlying obesity and metabolic syndrome, although some overlap is quite likely. Alternatively, the regulatory networks/pathways leading to obesity may be more susceptible to gene dosage perturbations.
Implications of This Study for the Field of Metabolism
The application of CNV-based animal models to the study of common, complex disorders such as obesity has been underutilized. Importantly, comparison between our mouse models for SMS and PTLS and other chromosome-engineered mouse models for loci known to be associated with metabolic phenotypes may identify overlapping/converging metabolic pathways or novel dosage-sensitive metabolic genes. For example, another genomic locus, 16p11.2, has been associated with mirror extreme BMI phenotypes in humans and would be an excellent candidate for future studies of obesity in mice. 5 Mouse models for this locus have been generated and utilized for studies of the neurobehavioral phenotypes associated with CNV at this locus; 14 however, their application toward metabolic research has not been reported to date.
Further investigation into the molecular pathways underpinning these metabolic phenotypes may lead to several interesting avenues of research. First, these studies may uncover the precise biological function of the dosage-sensitive genes responsible for the metabolic phenotypes-possibly downstream of the Rai1 chromatin remodeling protein or genetic elements required for proper genomic regulation of Rai1, 15 but also potentially revealing novel metabolic Figure 1 . A summary of the reciprocal metabolic phenotypes observed in mouse models of PTLS and SMS. TC, total cholesterol; ND, no difference, although there was a trend toward increased HDL/TC. pathways or networks. Second, they may lead to insights into therapeutic targets for obesity and metabolic syndrome as targets within these networks are identified. Importantly, this study demonstrates that the expression level of these metabolic genes is dosage-sensitive and does not need to be completely abolished or highly overexpressed to give a resultant phenotype. As such, targeting these pathways may only require a modest change in gene expression or protein levels to foster a rescue or reversal of the phenotype; the potential implications of this study for downstream applications and pharmaceutical development have not yet begun to be explored. It is wellestablished that Rai1 gene expression is readily manipulated by small molecule effectors; the gene name reflects its initial isolation by a differential expression cloning strategy and as the first cloned "retinoic acid-inducible" gene. 16 Lastly, with the establishment of these chromosome-engineered mouse models 17, 18 comes the ability to analyze other major contributors to complex metabolic phenotypes, such as environmental factors. While we have learned much about the role of structural variation in metabolism from patient studies, the ability to control for genetic and environmental background effects, and also to readily manipulate such modifiers, makes these mice an ideal experimental model with which to further investigate environmental factors and to test potential therapeutics.
A Network of Metabolic Genes at Work
To further complicate the research challenges that lay ahead, it was recently determined by the Walz and Reymond laboratories that CNVs can affect the gene expression not only of the genes within the CNV itself, but also of the genes in cis outside of the genomic rearrangement along the same chromosome. 19 With a number of genes being up-or downregulated, the possibility of complex epistatic interactions and downstream regulatory effects need to be considered. One can imagine the added complexity of developmental expression, temporal regulation and tissue-specificity of many of these genes, functioning in an intricate gene network, and further underscoring the importance of a systems-based approach to studying the biology of metabolism. While this study is a clear example of CNV resulting in altered metabolic regulation in a syndromic background, much remains to be learned. The ongoing identification of novel, highly-penetrant CNVs that result in idiopathic obesity and metabolic syndrome suggest that the importance of genomics in the field of energy regulation and metabolism, while currently underappreciated, will become more evident in the future. 3 CNV may play a prominent role in common diseases similar to what has been realized for both genomic disorders and Mendelian traits during the last two decades. 20 
